BACKGROUND: Lumbar disc herniation may result in excruciating pain due to it being one of the most common diseases related to changes of intervertebral disc (IVD). In order to find a better clinical treatment and prevention scheme for relieving the pain caused by spine degeneration, the mechanical behavior analysis of IVD must be studied. OBJECTIVE: A finite element method (FEM) is used in this study to analyze the mechanical behaviors of healthy and herniated IVD. METHOD: In order to compare the responses of IVD under different loading conditions for the annulus fibrosus of IVD, the hyperelastic and elastic constitutive FE models were used in the FEM. RESULTS: The comparison shows that hyperelastic FE models have a much better capability to describe the mechanical behaviors of the IVD than elastic FE models. It can be found from FE simulation that there was a higher stress concentration at the annulus fibrosus of the herniated disc than the healthy disc. CONCLUSIONS: Higher stress concentration resulted in more damage and ease of bringing out lumbar disc herniation. Numerical examples of FE simulation indicate that the FEM with hyperelastic constitutive model has very good capability for analyzing the mechanical behaviors of IVD.
Introduction
Daily, human spines have the ability to perform a variety of motions and carry a considerable load during physical activities [1] . The intervertebral disc (IVD) plays an important part in the spine's mobility. However, the IVD will generate a certain deformation of tension, compression, shear, bending, and torsion when the human conducts the daily physical activities. The age-and degeneration-related changes to the IVD are often observed with the increase in age [1] . Lumbar disc herniation is one of the most common diseases related to changes of the IVD. Pain is a common side effect of it, which can greatly impact quality of life, making it very important for the symptomatic patients to know how to relieve pain and improve function. Therefore, studies of spine changes are required to better understand the mechanism of degeneration of the aging spine in order to find more effective clinical treatment and prevention schemes.
As an efficient technique, finite element method (FEM) can be used to analyze the deformation and stress distribution of the aging spine. Because IVD distributes loads and provides motion and flexibility, it is the main component that effects the spine's mechanical behavior. The main component of IVD is annulus fibrosus (AF) [2] . Therefore, the assumption of the constitutive model for the AF becomes one of the key steps in the finite element (FE) analysis. To study the behavior of IVD under axial loading, Belytschko et al. [3] firstly employed an axisymmetric FE model with linear orthotropic constitutive law for the AF. The results of this study presented the effects of material properties and geometry on the stress-distribution and intradiscal pressures. Goel et al. [4] used three-dimensional finite element model based on the fiber-reinforced concrete constitutive model for the AF in order to analyze the interlaminar shear stresses across the laminae of a ligamentous L3 and L4 motion segment. In order to describe the nonlinear anisotropic behaviors, a constitutive model for the AF was presented by Eberlein et al. [5] . They designed a new experimental procedure to determine the material parameters in the constitutive equations. FE analysis was carried out for intact lumbar disc bodies with the proposed constitutive model. Peng et al. [6] proposed an anisotropic hyperelastic constitutive model for the human AF based on fiber reinforced continuum. In their model, a three part strain energy function representing the anisotropic elastic material behavior is created: the energy contributions from the matrix, fiber, and fiber-matrix shear interaction. The partition of the strain energy function made it easy to determine the material parameters in the constitutive model. Based on the anisotropic hyperelastic constitutive model, FE models were developed by Park et al. [7] to analyze IVD degeneration effects on biomechanical behaviors of a lumbar motion segment under physiological loading conditions such as flexion, extension, lateral bending, and axial rotation movements. The results computed by the FE models agreed with previously published references. Schroeder et al. [8] developed the fibril reinforced poro-viscoelastic swelling model. It was used to describe the mechanical behaviors of the IVD subjected to a combination of elastic, viscous, and osmotic forces. The interaction of osmotic, viscous, and elastic forces in an IVD under axial compressive load was analyzed by the FEM based on the model. The numerical results revealed that tensile hoop stresses resulted from osmotic forces were higher than those in a non-osmotic disc. Fluid flows in and out of the disc during unloading and loading processes of the spine, resulting in osmotic pressure change. A poro-elastic finite element model [9, 10] was used to investigate the failure progression in a lumbar disc due to cyclic loading in order to better understand the effect of fluid flow on the biomechanics of the disc. Alterations of the disc's geometry and the material properties were made. Due to this, a 3D nonlinear finite element model of the L3 and L4 functional spinal unit was used by Rohlmann et al. [11] to study the influence disc generation had on the mechanical behavior of the lumbar spine. In their study, disc height and bulk modulus of the nucleus pulposus were varied in order to simulate different grades of disc degeneration. They found that the mild disc degeneration increased intersegmental rotation for all loading cases and as the disc degeneration increased, intersegmental rotation decreased for flexion, extension, and lateral bending. Anterior lumbar interbody fusion (ALIF) is a type of surgery that can be used as treatment for degenerative disc disease, spondylolisthesis, spinal deformity, and pseudarthrosis [12] . By comparing three different grades of disc degeneration, Tang and Rebholz [12] also used the 3D nonlinear finite element model to analyze the biomechanical influence of the ALIF on the superior adjacent intervertebral disc. The study revealed that ALIF had a F. Xie et al. / A comparative study on the mechanical behavior of IVD using hyperelastic FEM S179 tendency to aggravate the adjacent upper segmental degeneration, resulting in an adverse biomechanical influence on the upper disc. The AF of the IVD is a complex structure composed of a solid porous matrix, saturated with water [13] . Cegoñino et al. [13] developed a constitutive model describing the poromechanical behavior of a porous material with osmotic pressure. FEM was used in their study to analyze the poromechanical behaviors. They found that the proposed model had the ability to simulate the poromechanical behavior of normal and degenerated AF.
To accurately describe the behavior of AF, complicated constitutive model is required. However, it is hard to determine vitro parameters if the parameters in the complicated model are too much. The constitutive behavior of a hyperelastic material is used to simulate the behavior of the AF. Many different constitutive models have been created for hyperelasticity, with the Neo-Hookean model being the most simple. The analysis of FEM [14] based on Neo-Hookean model was presented to study influence of the input parameters such as implant position, implant ball radius, presence of scar tissue, and gap size on intervertebral rotation, intradiscal pressure, and contact force in the facet joints. The Neo-Hookean model analyzed the effects of IVD degeneration on spine biomechanics based FEM under compressive forces and bending moments [7] . It was easier to determine the minimal parameters by using he NeoHookean model and numerical examples were used to prove the applicability of the model [7, 14] .
Analyzing the mechanical behaviors of healthy and herniated IVD by using the FEM was the main objective of the present study. In order to compare the responses of IVD under different loading conditions, the specific hyperelastic (Neo-Hookean model) and elastic constitutive models were considered in the FEM. The numerical results reveal that mechanical behaviors of IVD are better described by hyperelastic FE models than elastic models.
Materials and methods

Fundamental theory
As mentioned in Section 1, the hyperelastic constitutive model with less parameters was applicable to FE simulation. The FE analysis of AF in this work was based on the Neo-Hookean constitutive model for hyperelasticity. Reference [15] provides a detailed description of the Neo-Hookean constitutive model. This paper provides a summarization of the necessary concepts and equations for this study.
Given isotropic, incompressible, or almost incompressible hyperelastic materials, the strain energy potential in the form of the deviatoric and volumetric strain energy is given as
whereĪ 1 andĪ 2 denote the first and second strain invariants, respectively; J is the total volume strain.
where C ij and D i are temperature-dependent material parameters; N is the number of polynomial term and can have values up to six. If set C ij = 0(j = 0) and N = 1, the reduced polynomial strain-energy function is given as
This form is the simplest hyperelastic model, i.e., the Neo-Hookean model. Figure 1 shows the four three-dimensional FE models of L4 and L5 segment that were established and the differences in material and geometrical properties between each model is show in Table 1 . Annulus fibrosus and end endplate were the only differing material properties between healthy and herniated disc.
Establishment of three-dimensional FE model of L4-L5 segment
The main steps of FE model establishment are as follows:
Step 1 Scan 1.25 mm slice of C1 and S1segment with computed tomography from two male volunteers, one with a healthy disc (24 years old, 170 cm height) and the other with lumbar intervertebral disc herniation (35 years old,168 cm height).
Step 2 Subsequent to importing the data of CT's into MIMICS 14.0 software, use 3D region growth, edit masks, Boolean calculating, etc. to construct the geometry model of L4 and L5 segment.
Step 3 Import the data of step two into Geomagic12.0 software for geometric smoothness, geometric surface repairing, etc. to obtain the geometric surface with IGES format by reverse processing.
Step 4 Use Solidworks2012 and knowledge of anatomy to reconstruct the intervertebral disc.
Step 5 Import the complete geometric model into Hypermesh12.0 software for ABAQUS pretreatment.
Step 6 Mesh partition. The vertebral model consists of the cortical bone, cancellous bone, and posterior structure. A shell element (S4R, 1 mm thick) was used to simulate the cortical bone wrapped in cancellous bone. IVD is composed of cartilaginous endplate, annulus fibrosus (collagen fibers and ground substance), and nucleus pulposus. Four layers of crossing fibers embedded in ground substance with the approximate cross angle of 30 • -150 • were used to simulate annulus fibrosus. Truss element (T3D2) was used to simulate the ligaments and collagen fibers of annulus fibrosus. Incompressible elements were used to model the nucleaus pulposus. Contact between the facet joint was regarded as frictionless. Solid elements were used for all vertebral segments aside from cortical bone, ligaments, and collagen fibers.
Step 7 Each vertebral model was assigned a continuous, uniform, and isotropic material property.
Material properties
Behavior differences between the normal disc and herniated disc were investigated by the four FE models show in Fig. 1 . In order to make a contrast, while linear elastic material properties were assumed in models 1 and 2, nonlinear hyperelastic material properties (Neo-Hookean C 10 = 0.3448, D 1 = 0.3) were assumed for annulus fibrosus in models 3 and 4. Table 2 provides detailed information regarding the material properties of each FE mode [5, 7, 14, [16] [17] [18] .
Boundary and loading conditions
The surface of L4 and L5 segment end was selected as loading surface, and a reference point coupling with the nodes on L4 segment end was chosen as a loading point. In order to enable a FEM solution, some nodal displacements must be prescribed. It is assumed that all prescribed nodal displacements are prescribed as zero. Therefore, fixed-end constraints were applied as boundary condition at the nodes on L5 segment end. Guan et al. [19] validated a unique FE model of the lumbosacral junction (L4-L5, L5-S1) with rotation of a continuously moments from 0 Nm to 4 Nm under flexion, extension, and lateral bending. Their index rotation was compared with the data gathered by Panjabi et al.'s [20] experiment. According to a series of workshops, Wilke et al. [21] gave testing criteria for spinal implants. They suggested an amplitude took ± 7.5 Nm when using pure moment loading in the lumbar spine. To study the effect of an artificial disc on lumbar spine biomechanics, Antonius et al. [14] developed a probabilistic FE model where a pure moment loading of 7.5 Nm for the L3 vertebra was used to simulate flexion, extension, lateral bending to the right, and left axial torsion.
In this study, the four FE models were first tested with pure unconstrained linear moments from 0 Nm-4 Nm under loading conditions of flexion, extension, lateral bending. Then in order to realize the four S182 F. Xie et al. / A comparative study on the mechanical behavior of IVD using hyperelastic FEM loading cases of flexion, extension, left lateral bending, and rotation of spine section in human activity, a pure moment of 7.5 Nm was successfully applied at the reference point. Axial loading of 500 N was applied in order to simulate human lumbar spine under compression.
Results and discussions
Based on the analysis of the FE post-processing results, the rotational stiffness of the vertebral body under four loading cases was obtained by calculating the range of motion (ROM) quotient, then divided by moments under a variety of bending conditions. Table 3 provides information regarding the rotational stiffness computed by the four FE models. It can be seen that the rotational stiffness values of hyperelastic FE models (models 3 and 4) were close to the experiment data in vitro [22] , while the rotational stiffness values of elastic FE models (models 1 and 2) were much greater. This indicates that the hyperelastic FE model results agree better with experimental ones than elastic FE models. The stiffness values of flexion and lateral bending in model 4 were larger than those in model 3, while the stiffness values of axial rotation in model 4 were less than model 3. This indicates that the herniated disk has a decreased range of motion under flexion and lateral bending and an increase range of motion under axial rotation. This study's results were consistent with those concluded by Mimura et al. [23] . Figures 2 and 3 show the moment-rotation response curves with linear moments of 0 Nm to 4 Nm. The rotation response values of all elastic models (models 1 and 2) were much smaller than those of Refs. [19] . Compared with the results of Refs. [19] , the moment-rotation response of the two hyperelastic models were greater in the case of flexion loading (minus moment) and smaller in the cases of lateral bending and extension loading (plus moment). Figure 4 presented the rotation results of four FE models under 7.5 Nm moments with 500 N compressive load. In comparison to elastic models, the results obtained by hyperelastic models were in better agreement with published data [7, 24] . The stresses and displacements calculated by the four FE models under a variety of loading cases are shown by Tables 4-8. Much larger displacements of AF were produced by hyperelastic FE mod-S184 F. Xie et al. / A comparative study on the mechanical behavior of IVD using hyperelastic FEM els (models 3 and 4) than that of elastic FE models (models 1 and 2). Displacement values of FE model 3 (healthy disc) were larger than FE model 4 (herniated disc) while under the loading conditions of flexion, extension, lateral bending, and compression. However, while under rotation, FE model 4 gave larger displacement than FE model 3. It is reasonable to assume that larger displacement results from larger stiffness under the same loading conditions. Other than FE model 4 under flexion, the stresses of annulus fibrosus were higher than those of nucleus pulposus. For the hyperelastic models, stresses of facet joint of herniated disk increased by 495% and 301% than healthy disc under extension and rotation, respectively. Figure 5 shows the stress and displacement nephograms of the four FE models under axial load of 300 N, and Fig. 3 presents the stress nephograms of hyperelastic FE models under flexion, extension, left lateral bending, and rotation. Figure 5 shows that the posterior of annulus fibrosus under axial load had a high stress concentration. Annular fibrosus' inner layer stress was less than outer layers and more than nucleus pulposus. Figures 5 and 3 both show that under all loading cases, posterolateral had the greatest amount of stress and displacement of annular fibrosus. Stress of nucleus pulposus was greatly reduced with the loss of water in the nucleus and changes of collagen fibers. As shown in Fig. 5 , the distribution of the stress in the herniated disc was disturbed and there was a higher stress concentration. In comparison to a healthy disc, when more stress concentrations appear at annulus fibrosus, it is easier for damage to occur in the herniated disc, resulting in lumbar disc herniation.
Conclusions
FEM was used to investigate the mechanical behaviors of healthy and herniated IVD in this study. Hyperelastic constitutive model was adopted for the FE analysis of nonlinear hyperelastic response of annulus fibrosus instead of the elastic constitutive model. Four FE models were established to calculate the stiffness of the vertebral body and analyze the stress and displacement of IVD under the loading conditions of flexion, extension, lateral bending, and rotation. By comparing the stiffness calculated by FEM with the experimental data available in published literature, it can be found that hyperelastic FE models have much better capability to describe the mechanical behaviors of IVD than elastic FE models. FE analysis shows that annulus fibrosus of the herniated disc has a higher stress concentration than the healthy disc. Lumbar disc herniation results from the damage induced by higher stress concentration. Numerical examples of FE analysis indicate that the FEM with hyperelastic constitutive model is capable of analyzing the mechanical behaviors of IVD.
